ML, Dopp JM. Chronic intermittent hypoxia alters ventilatory and metabolic responses to acute hypoxia in rats. J Appl Physiol 120: 1186 -1195, 2016. First published February 25, 2016 doi:10.1152/japplphysiol.00015.2016.-We determined the effects of chronic exposure to intermittent hypoxia (CIH) on chemoreflex control of ventilation in conscious animals. Adult male Sprague-Dawley rats were exposed to CIH [nadir oxygen saturation (SpO 2), 75%; 15 events/h; 10 h/day] or normoxia (NORM) for 21 days. We assessed the following responses to acute, graded hypoxia before and after exposures: ventilation (V E, via barometric plethysmography), V O2 and V CO2 (analysis of expired air), heart rate (HR), and SpO2 (pulse oximetry via neck collar). We quantified hypoxia-induced chemoreceptor sensitivity by calculating the stimulus-response relationship between SpO 2 and the ventilatory equivalent for V CO2 (linear regression). An additional aim was to determine whether CIH causes proliferation of carotid body glomus cells (using bromodeoxyuridine). CIH exposure increased the slope of the V E/V CO2/SpO2 relationship and caused hyperventilation in normoxia. Bromodeoxyuridine staining was comparable in CIH and NORM. Thus our CIH paradigm augmented hypoxic chemosensitivity without causing glomus cell proliferation. chemoreceptors; carotid body; hypoxia; norepinephrine
NEW & NOTEWORTHY

Our study addresses the controversy of whether chronic exposure to intermittent hypoxia enhances ventilatory chemosensitivity. We quantified hypoxic chemosensitivity in conscious rats using a novel method, which unlike most previously published approaches, was able to uncover key effects of prolonged intermittent hypoxia on both metabolic and ventilatory responses to acute hypoxia. We propose that hypoxic chemosensitivity is indeed enhanced by intermittent hypoxia and thus is a potentially important contributor to sleep disordered breathing in humans.
THE STIMULATORY EFFECTS OF chronic exposure to intermittent hypoxia (CIH) on carotid body sensory activity are well documented in in vivo and ex vivo preparations (34, 37, 42) ; however, it is unclear whether these effects are manifest as sensitization of carotid chemoreflex control of ventilation in intact, conscious animals. The influence of CIH on ventilatory responses of conscious rodents to acute hypoxia has been studied previously, and interestingly, some investigators reported enhanced responses (19, 37, 39, 40) and some reported blunted responses (13, 30, 41) , whereas others reported no effect of CIH on hypoxic ventilatory responses (10, 44) . It is possible that species, strain, and age differences and/or disparate CIH paradigms contribute to these inconsistencies; nevertheless, none of these previous reports provide precise and complete assessments of hypoxic chemosensitivity; that is, none incorporated measures of the circulating carotid body stimulus level (i.e., arterial O 2 tension or arterial O 2 saturation), and most (10, 13, 30, 41, 44) did not account for the decrease in metabolic rate that is known to occur when small mammals are acutely exposed to hypoxia (11, 27) . Importantly, this well-established metabolic rate effect may be altered via changes in carotid body sensitivity (24) . Therefore, the purpose of this study was to assess the effects of CIH exposure on hypoxia-induced chemoreceptor activation in conscious rats by constructing stimulus-response relationships based on measures of SpO 2 and ventilatory equivalent for V CO 2 to account for the hypometabolism of acute hypoxia. In addition, we assessed the effects of CIH on carotid body glomus cell proliferation and plasma catecholamines, indirect indicators of chemoreceptor-mediated sympathetic activation.
MATERIALS AND METHODS
Animals. Fifty-eight adult male Sprague-Dawley rats (body wt, 375-480 g) served as subjects. Baseline, preexposure data from 16 of these rats were used in our previous assessment of the day-to-day reproducibility of the hypoxia-induced carotid chemoreflex (27) . Rats were housed in accordance with recommendations set forth in the Guide for Care and Use of Laboratory Animals (8th ed., National Research Council, Washington, DC). Ad libitum access was provided to drinking water and standard chow (8604; Harlan Teklad). The protocol was approved by the Institutional Animal Care and Use Committee of the University of Wisconsin-Madison School of Medicine and Public Health.
Barometric plethysmography. Tidal volume (VT) and respiratory frequency (f B) were measured with barometric plethysmography (8) using a custom-designed system consisting of a 2-liter plethysmograph chamber connected to a 2-liter reference chamber (31) . The plethysmograph pressure signal was sampled at 100 Hz. Each day before animals were placed in the plethysmograph, a pressure calibration signal was obtained via repeated rapid injections and withdrawals of a known volume of air (0.2 ml) using a motor-driven pump with a frequency of 150 strokes/min, a frequency designed to mimic the maximal breathing frequency elicited by our hypoxic ventilatory response tests (see below). Peak-to-peak pressure deviations were used to calculate VT using the Drorbaugh and Fenn formula (8) ; therefore, our measurements represent a mean of inspiratory and expiratory VT. A noise-detection algorithm that used a moving average of the pressure waveforms was used to identify periods of sniffing and/or pressure-changing noise due to movement, grooming, and other activity, and labeled these as artifacts (see below). Minute ventilation (V E) was calculated as the product of VT and fB. Rat body temperature was measured using a telemetrically operated thermistor surgically implanted within the abdominal cavity (VM-FH MiniMitter; Starr Life Sciences, Oakmont, PA) and verified by measurement of rectal temperature. Temperature within the plethysmograph chamber was controlled at 25.4°C, and humidity was maintained at 60 -70%. A prefiltered proportional-integral-differential-type algorithm regulated the mass flow controllers that balanced impedance to flow into and out of the chamber, so that flow through the system was maintained at 2 l/min. A single set of O2 and CO2 analyzers (FCX-MV; Fujikura, Tokyo, Japan and LB-2; Beckman Instruments, Fullerton CA) sampled the inspired and expired air in sequential fashion to determine oxygen consumption and carbon dioxide production (V O2 and V CO2, respectively). Inspired air was sampled prior to humidification and entry into the plethysmograph, and expired gas was dried by a dessicant prior to analysis. A three-point gas calibration was performed each day prior to testing. The calibration gas concentrations bracketed the range of values expected for inspired and expired oxygen and carbon dioxide fractions during the hypoxic response tests (0.22 O 2 and 0.02 CO2, 0.10 O2 and 0.01 CO2, 0.00 O2 and 0.00 CO2). This calibration routine provided us with daily assessments of linearity and drift of the two sensors. In the sets of calibrations represented in this study, drifts of both sensors averaged Ͻ0.015%. A dedicated computer with custom-written software controlled the plethysmograph and saved all ventilatory and metabolic measures every 15 s. Fifteen-second segments of the pressure tracing that contained Ͼ40% artifact were excluded from further analysis. Arterial oxygen saturation (SpO2) was measured by pulse oximetry via neck collar (MouseOx; Starr Life Sciences, Oakmont, PA). The rats were trained to wear the collar by having them wear it during several abbreviated graded-hypoxia sessions in the plethysmograph prior to the baseline, preexposure measurements of the hypoxic ventilatory response. Heart rate (HR) was obtained from the oximeter signal. PowerLab 16/35 and LabChart Pro (ADInstruments, Colorado Springs, CO) were used to acquire SpO2 and HR data. The animals were easily able to reposition themselves in the plethysmograph; therefore, they were confined but not restrained during hypoxic ventilatory response testing.
Hypoxic ventilatory response testing. At least 2 wk were allowed for recovery from telemeter implantation surgery. The animals were acclimated to the oximeter collar and plethysmograph during several abbreviated graded hypoxia sessions in the plethysmograph prior to the baseline, preexposure measurements of the hypoxic ventilatory response.
Rats were exposed to graded hypoxia within the plethysmograph chamber by supplementation of the inspired air with nitrogen. Data were collected during the final 5 min of a 15-min baseline period of ambient air breathing [inspired oxygen fraction (FIO 2 ), 0.21]. This initial normoxic observation period was extended in 5-min increments if the animal showed behavioral signs of restlessness such as excessive movement, or if respiratory frequency was unstable. Data were also collected during the final 5 min of 15-min periods in which FIO 2 was maintained at 0.15, 0.12, and 0.09. This length of exposure was chosen because 15 min was adequate time for the expired fractions of O2 and CO2 to reach new steady states after a step-down in FIO 2 . To ensure stability of hypoxic ventilatory responses prior to CIH and normoxia (NORM) exposures, all rats underwent repeated baseline measurements (two to four tests conducted on separate days) until the ventilatory response slopes varied by no more than 15%. These slopes were then averaged to determine the baseline, preexposure values that were subsequently used for comparisons with slopes obtained after 5, 10, 14, and 21 days of exposure to CIH or NORM. All testing occurred from 8:00 A.M. and 4:00 P.M., and in rats exposed to CIH, plethysmograph testing commenced within 20 -30 min of last intermittent hypoxia cycle (see below).
CIH and NORM exposures. Rats, in their home cages, were placed into a Plexiglas chamber and exposed to intermittent hypoxia for 10 h/day (from 6:00 A.M. to 4:00 P.M.) for 1, 5, 10, 14, or 21 days. Air flow through the intermittent hypoxia chamber was controlled at 2.5 l/min per rat, a rate sufficient to maintain CO2 tension within the chamber at Ͻ0.5%. Oxygen concentration in the chamber was monitored using a heated zirconium sensor (Fujikura America, Pittsburgh, PA). A microprocessor-controlled timer was used to operate solenoid valves that controlled the flow of oxygen and nitrogen into the chamber. The system was set to provide hypoxic exposures at 4-min intervals. During the first minute of each cycle, nitrogen was flushed into the chamber at a rate sufficient to achieve an FI O 2 of 0.10 within 20 -30 s. This level of FI O 2 was maintained for an additional 60 s. Oxygen was then introduced at a rate sufficient to achieve an FI O 2 of 0.21 within 10 -15 s, and to maintain this oxygen level for the duration of the 4-min cycle. Thus our CIH paradigm produced a saturation profile that mimics moderately severe obstructive sleep apnea in humans (15 events per hour, nadir SpO2, 75%). Control (NORM) rats were housed under normoxic conditions adjacent to the hypoxia chamber for 1, 5, 10, 14, or 21 days. There, they were exposed to light, noise, and temperature stimuli similar to those experienced by the rats exposed to CIH.
Assessment of glomus cell proliferation. Bromodeoxyuridine (BrdU), a stable uridine analog that is incorporated into rapidly dividing cells, was added to the drinking water (0.8 mg/ml) 12 h before CIH or normoxic exposures began. This supplementation was continued until the end of 1, 5, 10, or 21 days of CIH or NORM. At this time, the rats were deeply anesthetized with isoflurane and transcardially perfused with PBS to clear red cells, followed by 4% paraformaldehyde in PBS (300 -500 ml, 25 ml/min). The carotid bifurcations, including the carotid bodies and superior cervical ganglia, along with 5-mm sections of duodenum (positive control tissue), were excised and placed in the same fixative overnight at 4°C. The tissues were then transferred to a 30% sucrose cryoprotection solution and stored at 4°C until sectioned and immunostained for BrdU as previously described (46) .
Tissue sections were examined with an Eclipse E600 epifluorescence microscope (Nikon Instruments, Melville, NY), and images were imported to a computer using a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI). Type I cells were identified by their occurrence in clusters and their large, oval-shaped nuclei. The location of Type I cell clusters was confirmed by tyrosine hydroxylase staining. BrdU-positive cells were counted, and the number was expressed relative to the total number of Type I cells. This ratio was averaged for the six to eight sections examined from each animal. To examine the time course of glomus cell proliferation we performed this analysis on rats exposed to CIH or NORM for 1, 5, 10, or 21 days. For this analysis, carotid bodies were harvested from a subset of rats that underwent hypoxic ventilatory response testing (23 of 25 rats exposed to CIH and 12 of 16 rats exposed to NORM).
Plasma catecholamines. We measured these indirect indicators of sympathetic nervous system activity because stimulation of the carotid chemoreceptor reflexively elicits sympathoexcitation and because sympathetic overactivity is thought to play an important role in causing hypertension in humans with sleep disordered breathing (14) . In addition, circulating catecholamines may exert an important influence on breathing pattern (26, 48) . Blood for catecholamine determination was obtained by cardiac puncture in anesthetized rats prior to transcardial perfusion, placed in ice-cold heparinized tubes, and centrifuged (4°C, 10,000 revolution/min) for 10 min. Plasma was extracted and stored at Ϫ80°C. Norepinephrine (NE) and epinephrine (EPI) determinations were made using HPLC with electrochemical detection in the CRU Core Analytical Laboratory at the University of Iowa as previously described (15) . Catecholamine determinations were performed after exposure to CIH or NORM for 10 or 21 days in the same rats that underwent ventilatory measurements.
Data analysis.
To quantify hypoxic chemoreflex sensitivity, the ventilatory equivalent for V CO2 and the mean inspiratory flow rate [VT:inspiratory time (Ti) ratio], an index of respiratory "drive," both normalized for V CO2, were expressed relative to SpO2. Because of the curvilinear nature of these responses, we initially attempted to characterize them using a curve-fitting approach. We tried logistic fits and second-and third-order polynomials, but were not able to find nonlinear models that characterized the responses in all animals. Therefore, linear regression analysis was used to derive the slopes of the stimulus-response relationships. No between-group differences in slopes or normoxic baselines for ventilatory variables were detected prior to the initiation of CIH or NORM (P Ͼ 0.05); therefore, response slopes at 14 and 21 days were expressed as percentages of the preexposure values. The percent change in the slope of the response variables, along with age, body weight, and absolute values of V O2 and V CO2 were evaluated using repeated measures, general linear models (Minitab, State College, PA) that included the individual rat as a random variable nested in the exposure type, the exposure type and time as fixed variables, and a term to evaluate the interaction between time and exposure type. Between-group differences in plasma catecholamine concentrations were assessed using unpaired t-tests. Differences of P Ͻ 0.05 were considered statistically significant. In the text, tables, and figures, data are shown as means Ϯ SE.
RESULTS
Age and body mass in CIH and NORM rats. Rats exposed to CIH and NORM were not different in age at any time point (Table 1) . At baseline, body mass was comparable in both groups. Across the time span of the study, there was a significant exposure-by-day interaction for body mass, indicating that rats exposed to CIH grew at a faster rate than those exposed to NORM. Nevertheless, weights in both groups fell within 1 SD of previously reported age-specific means for Sprague-Dawley rats (12) .
CIH resulted in increased carotid chemoreceptor hypoxic sensitivity. Acute exposure to graded hypoxia caused a progressive increase in V E/V CO 2 in rats exposed both to CIH and NORM ( Fig. 1, top) . The percent change in the slope of the V E/V CO 2 /SpO 2 relationship during acute hypoxia was greater following 14 and 21 days of CIH vs. NORM exposure (P ϭ 0.044; Fig. 1, bottom) . The CIH-induced increases in V E/V CO 2 / SpO 2 relationships during acute hypoxia were caused by simultaneous increases in V E (Fig. 2) and decreases in V CO 2 (see Fig . 4) ; however, the slope of neither variable by itself showed a statistically significant change. CIH did not alter the VT response to acute hypoxia, whereas the f B response was somewhat higher after CIH (P ϭ 0.051, Fig. 2 ). Acute exposure to graded hypoxia resulted in greater respiratory "drive" (VT/T i / V CO 2 ) in both groups (Fig. 3, top) . The percent change in the VT/T i /V CO 2 /SpO 2 relationship was greater following 14 and 21 days of CIH vs. NORM exposure (P ϭ 0.014; Fig. 3 , bottom). Thus CIH exposure increased the V E/V CO 2 /SpO 2 and VT/T i /V CO 2 /SpO 2 relationships, two indices of chemoreflex sensitivity. In contrast, these relationships remained stable over the observation period in rats exposed to NORM. In the control rats, the coefficients of variation for repeated measures of the V E/V CO 2 /SpO 2 and VT/T i /V CO 2 / SpO 2 slopes (10% and 16%, respectively) were comparable to those observed in a previous evaluation of day-to-day reproducibility of the measurements (27) .
The time course of CIH-induced enhancement of carotid chemoreflex control of ventilation was examined by comparing response slopes in additional groups of rats after 5 and 10 days of exposure to CIH or NORM. No between-group differences in chemoreceptor sensitivity were apparent after 5 days of CIH exposure; however, we observed a greater V E/V CO 2 /SpO 2 (P ϭ 0.004) and a trend toward higher VT/T i /V CO 2 /SpO 2 (P ϭ 0.088) slope in CIH vs. NORM after 10 days of exposure (data not shown).
Effects of CIH on cardiorespiratory variables during air-breathing eupnea. V O 2 and V CO 2 measured under normoxic conditions were comparable at baseline, but lower in rats exposed to CIH than NORM after 14 and 21 days of their respective exposures (Table 2) . Although there were no between-group differences in V E, the ventilatory equivalents for V O 2 and V CO 2 were both higher in CIH than NORM (P ϭ 0.019 and 0.045, respectively). HR was reduced relative to baseline at 14 and 21 days in both groups (P ϭ 0.037).
CIH caused a reduction in metabolic rate. After 14 and 21 days of exposure to CIH, V O 2 and V CO 2 were lower relative to the preexposure baseline in normoxia and during mild and moderate levels of acute hypoxia (Fig. 4) . In contrast, V O 2 and V CO 2 remained stable over time in control rats exposed to normoxia. These between-group differences were statistically significant for effects of day (P ϭ 0.002 and 0.000) and exposure-by-day interaction (P ϭ 0.039 and 0.049). The statistically significant exposure-by-day interaction term reflects the fact that although V O 2 and V CO 2 and mild and moderate hypoxia following CIH, V O 2 and V CO 2 in severe hypoxia were comparable before and after CIH. Therefore, the slopes of the relationships between these metabolic variables and SpO 2 were actually reduced following CIH, perhaps due to a "floor" below which V O 2 and V CO 2 cannot be lowered. The minimum values for V O 2 and V CO 2 observed during severe hypoxia in the present study are consistent with previous observations from our laboratory (27, 32) . CIH reversed the HR response to acute hypoxia. We observed a consistent pattern of bradycardia during exposure to moderate and severe hypoxia (FI O 2 , 0.12 and 0.09) in rats in the CIH group before exposure and in rats in the NORM group at all time points (Fig. 5) . After 14 and 21 days of CIH exposure, HR increased during mild (FI O 2 , 0.15) and moderate hypoxia, and HR did not drop below the baseline level during severe hypoxia.
CIH-induced chemoreflex sensitization was not associated with carotid body glomus cell proliferation. BrdU staining was not detected in carotid bodies of either CIH-exposed or normoxic control rats. Thus exposure to intermittent hypoxia for up to 21 days did not produce evidence of DNA incorporation and Type I cell proliferation. In contrast, we observed bright, consistent staining in duodenum, which was examined as a positive control tissue.
Plasma catecholamines were not elevated after exposure to CIH. We measured plasma NE and EPI concentrations in CIH and NORM group rats after 10 and 21 days of exposure (Fig. 6 ).
Plasma NE levels were slightly but not statistically elevated in CIH vs. NORM after 10 days of exposure (2,318 Ϯ 623 vs. 1,334 Ϯ 213 pg/ml; P ϭ 0.089), whereas no between-group differences were detected after 21 days of exposure (1,836 Ϯ 571 vs. 1,796 Ϯ 227 pg/ml). Plasma EPI did not differ between groups at either time point.
DISCUSSION
We have demonstrated, in the conscious rat, that daily CIH exposure lasting more than 5 days increases ventilatory sensitivity to acute hypoxia. Evidence for this finding includes statistically significant increases in the slopes of the V E/V CO 2 / SpO 2 and VT/T i /V CO 2 /SpO 2 relationships. This CIH-induced sensitization was particularly evident in severe hypoxia (FI O 2 , 0.09; SpO 2 , 65%). Furthermore, sustained increases in V E/ V CO 2 and V E/V O 2 were also evident following CIH exposure under normoxic conditions. In contrast, ventilatory responses to acute hypoxia and normoxia remained unchanged in chronically normoxic rats, indicating no time-or age-dependent effects on chemoreceptor hypoxic sensitivity. These findings in awake rats are consistent with prior evidence of enhanced carotid chemoreceptor responsiveness during both superimposed acute hypoxia and normoxia following CIH (6, 34) .
CIH augmented hypoxic chemosensitivity. The present evidence for CIH-induced enhancement of chemoreflex control of ventilation contrasts with several previous reports that hypoxic (bottom) were reduced in air-breathing eupnea and during acute hypoxia. V O2 and V CO2 remained stable over time in rats exposed to NORM (right). *P Ͻ 0.05, effect of day and exposure-by-day interaction.
Intermittent Hypoxia and Chemosensitivity • Morgan BJ et al. sensitivity is unchanged or even depressed following CIH. Rat strain differences, which are important determinants of respiratory control system responsiveness (1, 16), could explain, at least in part, the disparate observations. The present study and previous studies showing CIH-induced enhancement of hypoxic ventilatory responsiveness were carried out in SpragueDawley rats (17, 19, 40) , whereas studies that showed CIHinduced depression or no change in hypoxic ventilatory responsiveness were carried out in Wistar rats (10, 13, 30, 38, 41, 44) . Nevertheless, definitive conclusions regarding the effects of rat strain on CIH-induced changes in hypoxic ventilatory responses must await head-to-head comparisons in multiple strains.
Another potential reason for discrepancy in the literature is that not all previous studies of the effect of CIH on the hypoxic ventilatory response in rats have taken into consideration the drop in metabolic rate (i.e., V CO 2 ) that occurs during acute hypoxic exposure in small mammals (11, 27) . We suspect that this factor is at least in part responsible for the current controversy surrounding whether CIH exposure does or does not increase the hypoxic ventilatory response in conscious animals, because previous studies showing a positive effect of CIH (19, 37, 39, 40) have all incorporated metabolic rate measures, whereas previous studies showing a negative effect or no change (10, 13, 30, 41, 44) have not considered metabolic variables. To properly characterize the carotid chemoreceptormediated ventilatory response to hypoxemia, any change in V CO 2 , a highly significant metabolic determinant of ventilation, must be accounted for when defining the stimulusresponse relationship. In the present study, acute hypoxia caused a dose-dependent reduction in V CO 2 at all levels of FI O 2 (see Fig. 4 ), and failure to account for this metabolic effect would have caused us to greatly underestimate the effect of CIH on the hypoxic ventilatory response and also on ventilation in normoxia.
Finally, it is likely that differences in the intermittent hypoxia exposure paradigm are responsible for the disparate outcomes. In this regard, Lim et al. (22) have recently demonstrated that a CIH administration pattern resulting in a desaturation profile that mimics human sleep apnea (i.e., slow desaturation followed by abrupt, 15-s reoxygenation) produces substantially more oxidative stress than does a sinusoidal administration pattern. Oxidative stress is a putative mechanism for the negative cardiorespiratory consequences of intermittent hypoxia (21, 36, 43) . 5 . Effect of CIH on hypoxic bradycardia. Prior to CIH or NORM exposure, heart rate (HR) was decreased relative to baseline with acute exposure to moderate and severe levels of hypoxia (open circles, left and right). This pattern of HR response remained stable over the 21-day period of observation in NORM (right). In contrast, HR increased during acute hypoxia in rats exposed to CIH, especially during mild and moderate hypoxia (FIO 2 , 0.15 and 0.12), and HR during severe hypoxia (FIO 2 , 0.09) was not different from the baseline value (left). . Plasma norepinephrine (NE) and epinephrine (EPI) concentrations following 10 and 21 days of CIH or NORM exposure. NE showed a slight but not statistically significant (P ϭ 0.09) elevation in rats after 10 days of exposure to CIH vs. NORM, but there was no between-group difference at 21 days of exposure. EPI was comparable in the two groups at both time points.
Mechanisms of CIH-induced chemosensitization.
The observed changes in chemoreflex sensitivity occurred in the absence of proliferation of carotid body glomus cells. We chose BrdU staining to evaluate the effects of CIH on carotid body morphology because it reveals DNA incorporation and therefore should be able to detect subtle proliferative changes prior to a measureable increase in glomus cell volume or number. Because BrdU staining was comparable in rats exposed to CIH and NORM, we conclude that 21 days of CIH, unlike only 2 days of continuous hypoxia (46) , do not cause carotid body glomus cell proliferation. Our findings are consistent with those of previous investigators who showed, using different methods to detect morphological changes, that CIH exposure does not increase glomus cell number or volume (7, 35) . Therefore, it is possible that CIH-induced changes in chemoreflex sensitivity involve functional rather than structural adaptations in the carotid body and/or that the sites of action are downstream components of the chemoreflex pathway. CIH increases oxidative stress in the carotid body (6, 25, 36) , thereby upsetting the balance in hypoxia-inducible factor-␣ isoforms and leading, in turn, to additional oxidative stress (36, 43) . These same effects of CIH have been observed in the nucleus of the solitary tract and rostral ventrolateral medulla, but only when the carotid sinus nerve is intact (36) , suggesting that CIH-induced oxidative stress in the carotid body sets in motion a cascade of events in central neural regions responsible for transmitting and/or modulating carotid body afferent information. A potential result is a feed-forward mechanism based on oxidative stress that amplifies ventilatory and sympathetic nervous system responses to acute hypoxia and converts them into persistent responses that outlast the intermittent hypoxia stimulus (43) . In addition to reactive oxygen species-related mechanisms, our laboratory has shown that angiotensin II signaling in the carotid body plays an important role in causing sustained sympathetic activation and blood pressure elevation following CIH exposure (25) .
CIH did not affect plasma catecholamine concentrations. In contrast to previous investigations (30, 37) , we found that CIH had no effect on plasma catecholamine levels. This discrepancy is probably not due to differences in blood collection procedures, because samples in the present and previous studies were all obtained in anesthetized, open-chested animals. An obvious difference in the experimental paradigms is that our CIH exposure is longer than previous exposures (21 days vs. 10 or 14 days). Taken together, the previous and present data suggest that plasma catecholamine levels are elevated during the early days of CIH exposure, but tend to normalize as CIH continues past 2 wk. In support of this notion, our data show a trend toward increased plasma NE concentrations in rats exposed CIH vs. those exposed to NORM after 10 days of exposure. We cannot explain, on the basis of our data, this apparent time-dependency in the effect of CIH on rates of NE release and/or removal that would result in normalization of plasma NE levels during the longer exposures.
CIH attenuated hypoxic bradycardia. CIH exposure produced quantitative and qualitative changes in the HR response to acute hypoxia. In rats exposed to NORM and in rats before CIH exposure, we consistently observed a progressive decline in HR during moderate and severe levels of hypoxia (FI O 2 , 0.12 and 0.09; Fig. 5 ). After CIH exposure, HR was elevated above the normoxic baseline at an FI O 2 of 0.12 and unchanged relative to baseline at an FI O 2 of 0.09 (average SpO 2 , 72 and 64%, respectively). This finding is consistent with a previous report of blunted hypoxic bradycardia following CIH exposure, an effect accompanied by altered GABAergic, glycinergic, and glutamatergic neurotransmission to cardiac vagal neurons in nucleus ambiguus and dorsal motor nucleus of the vagus (9) . Neuronal degeneration in the nucleus ambiguus following CIH exposure has also been reported (47) . It is possible that either or both of these mechanisms contributed to the observed CIH-induced alterations in the HR response to acute hypoxia. This effect of CIH, which is consistent with diminished parasympathetic cardiac regulation, may be responsible for the decreased baroreflex sensitivity observed in rodents exposed to CIH (20, 23) and in individuals with obstructive sleep apnea (3, 4) . Enhanced chemoreflex-induced increases in sympathetic outflow may also have contributed to the observed diminution of hypoxic bradycardia.
CIH-induced reversal of hypoxic bradycardia is somewhat surprising in the setting of enhanced chemoreflex sensitivity because the carotid chemoreceptor is thought to play an important role in causing hypoxic bradycardia (5) . Previous investigators demonstrated a carotid chemoreceptor-induced decrease in HR in anesthetized animals with ventilation controlled at eupneic levels, whereas tachycardia was observed when ventilation was allowed to increase during hypoxia in spontaneously breathing dogs (5) . Thus the CIH-induced reversal of hypoxic bradycardia we observed may have occurred because the enhanced ventilatory response had an effect on HR, perhaps attributable to pulmonary stretch receptor activation, which outweighed the influence of enhanced chemoreflex sensitivity.
Metabolic effects of CIH. CIH exposure decreased V O 2 and V CO 2 in air breathing eupnea and during exposure to acute hypoxia ( Table 2 , Fig. 4) . Recently, the well-described decrease in metabolic rate that accompanies acute hypoxia in rats and other small mammals (11, 27) has been attributed, at least in part, to carotid chemoreceptor activation (24) . Stimulation of the carotid body with cyanide or with systemic hypoxia elicited withdrawal of sympathetic outflow to brown fat and a subsequent decrease in nonshivering thermogenesis (24) . Therefore, the observed metabolic effect may be, in addition to ventilatory and HR effects, a manifestation of CIH-induced chemoreflex sensitization.
Experimental considerations. Two aspects of our experimental design lend strength to the present findings. First, the within-subjects design with a concurrent chronically normoxic control group allowed us to take into account the effects of interindividual differences and also the effects of time, repeated testing, and maturation on hypoxic cardiorespiratory responses. Second, our intermittent hypoxia paradigm was chosen because it mimics several features of moderate-tosevere obstructive sleep apnea in humans: namely, the frequency of events and the depth and time course of desaturation events. A recent study has shown that the time-dependent oxygen saturation profile during each intermittent hypoxia episode is an important determinant of systemic markers of oxidative stress during exposure to CIH (22) . Our intermittent hypoxia chamber produced a human-like pattern of arterial oxygen saturation in the rats, with a relatively slow desaturation phase (20 -30 s) and a more rapid resaturation phase (10 -15 s) during each episode. We emphasize that our findings Intermittent Hypoxia and Chemosensitivity • Morgan BJ et al. do not apply to other patterns of exposure intended to mimic sleep apnea or to "therapeutic" intermittent hypoxia paradigms using relatively mild and brief intermittent hypoxia exposures (29) . Finally, our findings of increased ventilatory sensitivity and sustained hyperventilation in normoxia following CIH are consistent with the effects of moderate, short-term (4 -14 day), daily intermittent hypoxia in healthy humans (2, 45) .
In the present experiment, failure to include measures of metabolic rate in our assessments of the hypoxic ventilatory response would have resulted in a substantial underestimation of the effect of CIH exposure. This finding underscores the importance of incorporating metabolic variables when assessing ventilation in models of sleep apnea that utilize small rodents. This consideration is especially critical in mouse models, because mice are even more susceptible to the hypometabolic effects of hypoxia than are rats (18) . Moreover, assessment of the hypometabolic effect is essential for accurate measurement of chemosensitivity in human infants, who also reduce their metabolic rates in hypoxia. In contrast, exposure to hypoxia does not appear to affect metabolic rate in the adult human (28) .
Conclusions. We have shown that an intermittent hypoxia paradigm designed to closely mimic human sleep apnea increased the sensitivity of carotid chemoreflex control of breathing in the adult, male Sprague-Dawley rat. An analogous effect produced by long-term exposure to the intermittent hypoxia of sleep apnea in humans, if present, could contribute to the perpetuation and worsening of sleep-related breathing instability by increasing the ventilatory overshoot and undershoot associated with each apnea (33) . We also found that CIH exposure produces hyperventilation that persists for at least an hour after reestablishment of normoxic conditions. Other investigators reported continued hyperventilation in normoxia at 24 h after cessation of CIH, an effect that likely represents chemoreflex-driven increases in breathing and also sympathetic outflow (44) . We have also demonstrated in this and previous work (25) that CIH decreases parasympathetic control and increases sympathetic control of the cardiovascular system, effects that would be expected to contribute to hypertension in individuals with sleep apnea.
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